[1] A key mechanism for the rapid collapse of both the Larsen A and B Ice Shelves was meltwater-driven crevasse propagation. Basal crevasses, large-scale structural features within ice shelves, may have contributed to this mechanism in three important ways: i) the shelf surface deforms due to modified buoyancy and gravitational forces above the basal crevasse, creating >10 m deep compressional surface depressions where meltwater can collect, ii) bending stresses from the modified shape drive surface crevassing, with crevasses reaching 40 m in width, on the flanks of the basal-crevasseinduced trough and iii) the ice thickness is substantially reduced, thereby minimizing the propagation distance before a full-thickness rift is created. We examine a basal crevasse (4.5 km in length, $230 m in height), and the corresponding surface features, in the Cabinet Inlet sector of the Larsen C Ice Shelf using a combination of high-resolution (0.5 m) satellite imagery, kinematic GPS and in situ ground penetrating radar. We discuss how basal crevasses may have contributed to the breakup of the Larsen B Ice Shelf by directly controlling the location of meltwater ponding and highlight the presence of similar features on the Amery and Getz Ice Shelves with high-resolution imagery. Citation:
Introduction
[2] A key mechanism for the rapid and catastrophic collapse of both the Larsen A and B Ice Shelves was meltwaterdriven crevasse propagation [Rott et al., 1996; Scambos et al., 2000 Scambos et al., , 2003 Scambos et al., , 2009 ]. This mechanism contends that when sufficient ponded meltwater drains into a surface crevasse, the crevasse will propagate through the entire ice shelf thickness (due to the density difference between water and ice), fracturing the ice shelf into numerous elongate icebergs [van der Veen, 1998 [van der Veen, , 2007 Scambos et al., 2003 Scambos et al., , 2009 Weertman, 1973] . The narrow along-flow width and elongated across-flow length of these icebergs distinguishes them from tabular icebergs, and likely facilitates a positive feedback during the disintegration process, as elongate icebergs overturn and initiate further ice shelf calving [MacAyeal et al., 2003; Guttenberg et al., 2011; Burton et al., 2012] .
[3] Dramatic atmospheric warming over the past five decades has increased surface meltwater production along the Antarctic Peninsula (AP) [Vaughan et al., 2003; van den Broeke, 2005; Vaughan, 2006] . As the summer air temperature of large portions of the AP hovers near 0 C, the AP is sensitive to even a modest warming, unlike the interior regions of Antarctica [Vaughan, 2006] . While the final disintegration of Larsen A and B has been attributed to meltwater-driven crevasse propagation, numerous processes pre-condition an ice shelf for rapid collapse [Doake et al., 1998; Vieli et al., 2007; Khazendar et al., 2007; Glasser and Scambos, 2008] . Firn densification and melt layer formation allow surface melt ponds to form on the shelf surface, a process that can take multiple melt seasons to accomplish [Scambos et al., 2000 . Concurrently, increased basal submarine melting or reduced marine ice accretion can thin an ice shelf and reduce the cohesion between parallel flow bands and / or shear margins [Glasser and Scambos, 2008; Jansen et al., 2010] . This may lead to ice flow acceleration, with increased crevassing and rifting due to elevated strain rates, as observed on Larsen B prior to its collapse [Rignot et al., 2004] . Increased calving and subsequent frontal retreat is also a clear harbinger of ice shelf disintegration, particularly if the ice front retreats past a critical compressive arch in the strain field, at which point substantial retreat will occur before reaching a new stable configuration [Doake et al., 1998 ].
[4] Larsen C is the largest remaining ice shelf on the AP, consisting of over 50,000 km 2 of floating ice, which is fed from 12 major outlet glaciers ( Figure 1a ) [Glasser et al., 2009; Cook and Vaughan, 2010] . The extent of Larsen C has been relatively stable over the last five decades, outside of calving events in 1986 and 2004/05 where the ice shelf lost $7700 km 2 and $1500 km 2 , respectively [Glasser et al., 2009; Cook and Vaughan, 2010] . Despite limited changes in extent, the surface elevation of Larsen C has lowered at a rate of between 0.06 and 0.09 m a À1 during the 1978-2008 period, with the greatest lowering occurring in the northern sector [Fricker and Padman, 2012; Shepherd et al., 2003] . This surface lowering is likely dominated by firn densification driven by warmer air temperatures and increased meltwater production / refreezing [Holland et al., 2011; Fricker and Padman, 2012] rather than increased basal melting driven by an ocean forcing [Shepherd et al., 2003] . Oceanographic observations suggest that the primary water mass in the Larsen C cavity is Modified Weddell Deep Water, which has been cooled to the surface freezing point, and is thus not likely to drive high basal melt rates [Nicholls et al., 2004] . Khazendar et al. [2011] found that the northern sector of the ice shelf accelerated by 80 m a À1 or 15% between 2000 and 2006, and a further 6-8% between 2006-2008 in the vicinity of Cabinet Inlet, possibly due to a reduction in backstress from the Bawden Ice Rise and/or the erosion of marine ice formerly suturing parallel flow bands together.
[5] Airborne radar surveys, beginning in the late 1970's, identified large hyperbolic radar returns, interpreted as basal crevasses, within the Ross [Jezek et al., 1979; Shabtaie and Bentley, 1982] , Larsen [Swithinbank, 1977] , and the RiiserLarsen Ice Shelves [Orheim, 1982] . Despite the magnitude and abundance of these features, they have received relatively little attention, especially in light of recent ice shelf disintegrations. Recent work by Bindschadler et al. [2011] , Humbert and Steinhage [2011] , Luckman et al. [2012], and McGrath et al. [2012] has identified numerous basal crevasses, and their corresponding surface expressions, on the Pine Island Glacier, Fimbul and Larsen C Ice Shelves. Basal crevasses in two different regions on Larsen C penetrate between 69 and 217 m into the overlying ice shelf, representing between $24 and 66% of the ice thickness and likely have basal opening widths ranging from tens to hundreds of meters [Luckman et al., 2012; McGrath et al., 2012] . In addition to representing structural weaknesses in the ice shelf, basal crevasses also modulate the exchange of mass and energy between the ice shelf and ocean by increasing both the ice-ocean interface area [Luckman et al., 2012] and the basal surface roughness. It is difficult to speculate the net basal melting or accretion due to the presence of basal crevasses, as these processes are dependent on unknown ocean properties and circulation in close proximity to the basal crevasses.
Methods
[6] Analysis of the surface depressions and crevasses was conducted using a subset of the MODIS Mosaic of Antarctica [Haran et al., 2005] 3b ) were conducted with a Malå Geosciences ground based pulse radar system with a 25 MHz antenna towed behind a snowmobile. The in situ data, including kinematic GPS, were collected in November 2011, and therefore a temporal (and hence spatial) offset exists between the in situ data and the imagery (Figures 1b and 3a) . Following previous studies [Luckman et al., 2012; McGrath et al., 2012] , the measured two-way travel time was converted to depth assuming a mean radar velocity of 0.173 m ns À1 . The ice shelf-ocean interface reflection was manually delineated along the profile by following the maximum echo amplitude in the radar waveform. Uncertainty in the derived ice thickness is assumed to be AE5% due to uncertainty in radar velocity and resolution of radar wavelength. Simultaneous position data were collected with a dual-frequency GPS and corrected to the Eigen GL04C ellipsoid [Förste et al., 2008] and further corrected for tidal amplitude using Circum-Antarctic Tidal Simulation version 2008a (CATS2008a), updated from Padman et al. [2002] .
Results and Discussion
[7] Visible imagery details a series of isolated surface depressions in the main outflow of Cabinet Inlet, extending seaward to the calving front (Figure 1a) . We focus our observations on one of these features (Figure 1b) . The surface depression has a maximum depth of 13.0 m and extends for 4.5 km, as measured from kinematic GPS and imagery, respectively (Figure 1b) . A large hyperbolic reflection within the ice column is aligned with the surface depression, which we interpret as the apex of a basal crevasse (Figure 2a) . It extends 233 AE 11 m in height from the base of the ice shelf, penetrating through over 66% of the mean local ice thickness and is 470 m in width (Figures 2a and 2b) . The Figure 3b ). Note spatial offset between depression in kinematic GPS data and visual imagery due to temporal offset between image and GPS collection. (b) 25 MHz radar profile across basal crevasses (apexes indicated by red arrows). Surface elevations have been corrected to reflect ice shelf topography. Note reduced surface deformation and lack of surface crevassing.
are aligned parallel to the basal crevasse but on the down sloping flanks of the surface depression, as observed in both the visible imagery (Figure 1b ; shadowed features indicated by red arrow) and in the hyperbolic reflections in the upper 10 m of the radargram (Figure 2a ; highlighted in red).
[8] We attribute the formation of the surface crevasses to bending stresses induced as the ice shelf surface deforms in order to reach a modified hydrostatic equilibrium [McGrath et al., 2012] . We offer the following observations here to support this hypothesis. We observe two nascent basal crevasses, which are located upstream from the series that extend seaward from Churchill Peninsula, which have propagated to a similar height but with limited surface deformation (1-4 m) and no apparent surface crevassing (Figure 3 ). Further along flow (i.e. with increased temporal evolution), the basal crevasses have clearly defined surface depressions, down warped firn/ice layers above the basal crevasse and numerous surface crevasses adjacent to the basal crevasse [McGrath et al., 2012] . Together, these observations suggest that the basal crevasse forms first, subsequently followed by surface deformation, the visco-elastic response to the reduced ice thickness above the basal crevasse. However, as this thinner section is partially supported by the full thickness ice to either side, the resulting geometry induces bending stresses, with tension across the crests and down the flanks, sufficient to induce surface crevassing, and compression in the surface depressions, which are free of surface crevasses (Figure 1b) .
[9] We now highlight similar surface features, using a combination of Worldview-1 and Landsat imagery, which we interpret, based on their similarity to Larsen C, as the surface expressions of basal crevasses on the Amery, Getz and former Larsen B Ice Shelves. The stress environment causing the basal crevasses to form is different for each ice shelf, yet they all support the notion that basal crevasses can induce surface crevassing and create a surface depression, thereby controlling the location of meltwater ponding. In the eastern section of the Amery Ice Shelf, a series of surface depressions originate in the vicinity of the Gillock Island and extend across-flow by $40 km (Figure 4a ). Numerous surface crevasses ($4-8 per crest; 10-40 m in width) are located on the topographic crests between depressions and aligned parallel with them, whereas the depressions themselves are free of surface crevasses (Figure 4a ). Likewise, a series of front parallel, but slightly sinuous surface depressions extend over 20 km near the calving front of the Getz Ice Shelf in the Amundsen Sea sector (Figure 4b) . Similarly, $4-8 surface crevasses, 10-40 m in width are aligned with the basal crevasses, although some extend slightly oblique to the main orientation of the surface depression, which we interpret as being due to a more complex stress environment. Prior to the disintegration of the Larsen B Ice Shelf, the floating outflow of the Hektoria-Green-Evans glacier system had numerous surface crevasses, which had formed parallel to flow direction and termed 'splaying crevasses' (Figure 4c ) [Glasser and Scambos, 2008] . The surface crevasses were most abundant on the topographic crests, and were separated by large-scale (10-15 km) linear surface depressions, likely underlain by basal crevasses (Figure 4c ). Prior to break-up, discrete meltwater ponds were abundant in the surface depressions, highlighting how such structural features can control meltwater ponding on the shelf surface. Subsequent pond drainage prior to the breakup of Larsen B indicates that a connection was made to the ocean, likely through meltwater-driven crevasse propagation . Both the proximity of this meltwater to widespread surface crevassing and the subsequent iceberg dimensions, which largely overturned during the disintegration event, suggest that crevasse propagation did occur and that the fracture spacing in this sector was likely governed by the surface crevasse spacing ].
Implications
[10] Meltwater-driven hydrofracture, the process by which water filled surface crevasses fracture downwards, has been suggested to be an important mechanism in the final break up of several ice shelves [Weertman, 1973; van der Veen, 1998 van der Veen, , 2007 Scambos et al., 2000 Scambos et al., , 2003 . We have shown that basal crevasses, beyond introducing large-scale ice shelf weaknesses, can create both surface depressions and surface crevasses. The most apparent implication of meltwater ponding in the surface depression is if the meltwater were to intersect a flanking surface crevasse, and subsequently establish a channel by which the pond could drain, thereby providing the necessary water volume for continued fracture. Perhaps less obvious, however, is that the increased load in the trough will increase extensional stresses along the flanks and in the vicinity of the basal crevasse apex, potentially leading to further propagation and the possibility for a shear fracture to connect these features [Bassis and Walker, 2012] . This structural weakness could be further exploited if hydrofracture originates from the base of the surface trough, where the hydrostatic pressure is the greatest, and where, despite the large-scale compressional environment, incipient surface cracks/fractures are still likely to be present [Fountain et al., 2005] . The presence of the basal crevasse greatly reduces the ice thickness in the vicinity, thereby minimizing the distance through which these small fractures have to propagate prior to creating a full-thickness rift. While the surface crevasses certainly weaken the ice shelf, this latter case highlights the possibility that it is the presence of the basal crevasse that is more important for ice shelf stability. Basal crevasses are an order of magnitude larger in width and depth than the surface crevasses they create, and by concentrating meltwater ponding directly above them, they can control fracture location, and therefore, ice shelf disintegration.
[11] In addition to the observations of melt pond drainage on Larsen B, sediment cores retrieved from beneath both the former Larsen A and Prince Gustav Ice Shelves, record spatially discrete sediment pulses interpreted as the drainage of supraglacial lakes and/or crevasses prior to the ice shelf disintegration event [Gilbert and Domack, 2003] . Together, these observations provide clear evidence that fractures do propagate through the ice shelves, although the location where the hydrofracture originated is unclear (i.e. whether it was a proximal surface crevasse or incipient flaw beneath the pond). A corollary can be drawn to supraglacial lake drainage on the Greenland Ice Sheet, where fractures, and later moulins, develop within the lake boundary [Das et al., 2008] . Thus, if hydrofracture does originate from within the pond boundary, the presence of the basal crevasse should make the formation of a full-thickness rift exceedingly efficient.
[12] Previous studies have concluded that the Larsen C Ice Shelf is largely stable and thus not likely to experience a catastrophic collapse at present, despite observations of thinning and flow acceleration in the northerly sector [Jansen et al., 2010; Khazendar et al., 2011] . Basal crevasses have likely been present on the ice shelf for at least the last $400 years [McGrath et al., 2012] , and thus are not likely a reflection of the recent changes in ice shelf thickness or speed, nor suggest that Larsen C is becoming unstable [Khazendar et al., 2011] . In order for basal crevasses to affect the stability of Larsen C, both meltwater production and meltwater ponding would need to increase significantly. At present, only a limited number of melt ponds form each summer, most commonly near the Cabinet Inlet grounding line, likely in response to föhn airflow over the peninsula [van den Broeke, 2005] . While melt ponds are spatially limited at present, it is likely that firn densification has significantly contributed to the observed surface lowering over the past three decades [Holland et al., 2011; Fricker and Padman, 2012] . If the long-term temperature trends on the AP continue [Vaughan et al., 2003] , increased meltwater production and firn densification is likely, in which case, basal crevasses and their surface expressions, including both depressions and crevasses, could have a significant role in future ice shelf disintegration events.
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